affinity. On the basis of their chemical reactivity and potential clinical utility, nitrofurazone, misonidazole and metronidazole were selected for more detailed studies of the mechanism of inhibition of DNA synthesis. Double-isotope labelling in conjunction with hydroxyapatite chromatography allowed the evaluation of drug effects on initiation of DNA replicons, DNA chain elongation and DNA damage (single-strand breaks), and their correlation with eventual cell viability. Partial inhibition of initiation of DNA synthesis generally preceded other measurable effects, and was not reversed by incubation in the absence of drug. In the absence of DNA strand breaks (at low drug doses or after a repair interval) the rate of elongation was similar in both treated and untreated cell populations. Measurable DNA damage (strand breaks) was predictive for cytotoxicity. At lower drug doses, or under aerobic conditions, DNA synthesis was not always associated with a decrease in plating efficiency (cytotoxicity) but was reflected in decreased colony size (growth rate) of the cells. Thus the aerobic "toxicity" previously reported for chronic exposure to these agents may be better described as a "cytostatic" effect. Under anaerobic conditions (where cell killing is much greater) inhibition of initiation plays a less important role, and the nitroheterocycles are metabolically reduced to intermediates which are truly cytotoxic.
NITROHETEROCYCLES inhibit the incorporation of 3H-TdR by L cells cultured under aerobic conditions (Olive, 1979) . The degree of inhibition is related to the electron-affinity of the nitroheterocycles, as the logarithm of the concentration producing 50% of the control rate of incorporation was proportional to the reduction potential of the compound. Reports from other laboratories have suggested that inhibition of DNA synthesis may explain the bacteriostatic and cancerostatic action of some of these agents (Nakamura & Shimizu, 1973; Fuska et al., 1974; Kikui, 1968) . Such reports have generally not, however, correlated nitroheterocycle effects on DNA synthesis with other measurable drug-DNA interactions, or with ultimate cell viability. Also, as DNA synthesis (measured as incorporation of precursors) involves initiation as well as chain growth (elongation), the influence of nitroheterocycles on both of these processes is of interest in terms of the mechanism of inhibition of DNA synthesis.
In this paper, techniques for the simultaneous measurement of cell viability and 3 endpoints relating to drug-DNA interactions are described. Three nitroheterocycles were chosen for analysis: nitrofurazone, misonidazole, and metronidazole (Flagyl), with reduction potentials -282, -395 and -495 mV respectively. DNA damage, rate of chain elongation, and rate of replicon initiation were measured by hydroxyapatite chromatography of DNA. This method is based on the assumption that "breaks" in DNA serve as points of unwinding when the cells are subjected to alkaline solutions. Since a replication fork represents a "break" in DNA, unwinding will occur at this site. If cells (labelled overnight with 14C-TdR) are incubated for a short period with 3H-TdR, the isotope is incorporated at the growing fork, and subsequent incubation in "cold" medium allows the pulse to proceed from the single-stranded regions near the growing fork to doublestranded DNA further away. Thus it is possible to follow chain elongation during or after drug treatment by observing, over time after a pulse-label, the percentage of double-strand DNA containing 3H-TdR (Johanson & Rydberg, 1977 The amount of TdR incorporated into DNA was measured as the ratio between the d/min of 14C-TdR (0 05 ,uCi/ml, 80 Ci/mmol) incorporated after a 15min pulse before treatment (or a 20h incubation with 0-01 ,uCi/ml 14C-TdR) and the d/min of 3H-TdR (2 ,tCi/ ml, 18 Ci/mmol) incorporated in a 15min pulse after drug treatment. This ratio was obtained from data using either radioactivity from whole cells precipitated on glass-fibre filters using cold 500 TCA, or total radioactivity present in the hydroxyapatite chromatography procedure. In the second method, the radioactivity in single and double-stranded DNA was combined to determine 3H-TdR and 14C-TdR incorporation respectively, and the ratio of the radioactivities then determined. Both methods gave quantitatively similar results Measurement of DNA single-strand breaks. -Hydroxyapatite chromatography of DNA as previously reported (Olive & McCalla, 1977) was based on the technique of Ahnstrom & Erixon (1973) . Briefly, cells labelled with 14C-or 3H-TdR were treated with nitroheterocycles, and resuspended in triplicate at 2 x 104 cells/ml. Cells were subjected to alkali lysis immediately in 0-02M NaOH and 0-98m NaCl for 60 min, neutralized by adding 1 ml of 002M NaH2PO4, and immediately sonicated for 15 s with a Branson Sonicator with a microtip. The sonicate containing 0-500 SDS was poured on to columns containing 150 mg of Biorad hydroxyapatite. The columns were washed with 3 ml of 0 012M Na phosphate buffer (equimolar mixture of Na2HPO4 and NaH2PO4) at pH 6-8. The single-stranded DNA was eluted with 3 ml of 0-12M Na phosphate buffer, and the double-stranded DNA with 1-5 ml or 0-4M Na phosphate buffer, pH 6-8. Whole samples were prepared for liquid scintillation counting by adding 10 ml Triton X-114 scintillation fluid (Anderson & McClure, 1973) and 1V5 ml of water to the double-stranded sample. Recovery of radioactivity from the columns was >95%.
Measurement of elongation.-The procedure for labelling L cells with radioisotopes varied according to the experiment. When DNA strand breaks were measured in the same population used to determine chain elongation, L cells were labelled for 20 h with 5 nCi/ml 14C-TdR. It was then possible to follow elongation of DNA initiated in a 15min pulse of 3H-TdR given before or after drug treatment. A pulse given after drug treatment followed elongation into only those replicons that could still initiate DNA synthesis. However, a pulse given during treatment would be subject to DNA damage by the drug as well as effects on chain growth. In some experiments, rather than follow the complete time course of chain elongation, one time was chosen after the pulse for several drug concentrations. It is important to realize that the technique of hydroxyapatite chromatography is unable to distinguish between strand breaks in parental (14C_ labelled) or newly transcribed (3H-labelled) DNA. A strand break in the 14C-labelled DNA will serve as a point of unwinding, and subsequent sonification will result in singlestrand pieces which include the site of DNA damage as well as the opposite (perhaps intact) newly transcribed 3H-labelled DNA. Thus, whether chain elongation proceeds past a break (or alkali-labile damage) in the DNA cannot be determined using this technique.
To measure the rate of elongation in the absence of DNA breaks, a repair interval after drug treatment was followed by a 15min pulse of 2 ,Ci/ml 3H-TdR and cells were incubated in nonradioactive medium containing 15% foetal calf serum for various periods (Johanson & Rydberg, 1977) . L cells that were labelled overnight with 14C-TdR could then be examined simultaneously for DNA damage, incorporation and elongation ( Fig. 1 ). Data were corrected for quenching by the external-standard ratio method and for "spillover" of isotopes by measuring the efficiency of counting of both isotopes in the 14C and 3H channels of a Beckman 8100 liquid scintillation counter. A computer programme was used to determineh te actual disintegrations per minute in each channel.
Measurement of cell proliferation. 
RESULTS
In the experiment shown in Fig. 2 (Fig. 2a) . Treated cells examined for proliferative ability also showed a decrease in survival which paralleled strand breakage (Fig.  2d) . Nitrofurazone treatment inhibited DNA synthesis, measured as a decrease in incorporation of 3H-TdR (Fig. 2c) The problem of whether inhibition of elongation is the result of "template" damage or damage to the newly synthesized DNA was examined by the experiment in which a 3H-or 14C-TdR pulse preceded or followed nitrofurazone treatment (Fig. 3) . In this experiment, L cells were labelled with 14C-TdR for 15 min. They were then incubated for 30 min with nitrofurazone followed by a pulse of 3H-thymidine. At various times after the second pulse, cells were analysed for the percentage of double-stranded DNA, using either the 14C or 3H radioactivity. If the effects on elongation were due only to strand breakage in the 14C-labelled DNA, the 14C data should reflect nitrofurazone damage, while the data for 3H should match the control data since the 3H-TdR was added after drug treatment. However, elongation of the 3H pulse after nitrofurazone treatment was also inhibited (Fig. 3) and the curves describing incorporation of both isotopes were similar, suggesting that the presence of strand breaks in the parental DNA was responsible (either directly or indirectly) for the decrease in the rate of chain elongation. The rate of chain growth appeared to be inhibited during treatment of L cells with nitrofurazone, but DNA damage was also accumulating during this period (Fig. 4a) . When a pulse of 3H-TdR was given immediately after treatment of L cells for 1 h with 0-3 mm nitrofurazone, the rate of elongation was also inhibited, but to a lesser extent (Fig. 4b) , corresponding to the repair of strand breaks in parental DNA. Two hours after drug treatment, there was no significant difference in the amount of double-stranded DNA in treated and untreated cells, although elongation was still depressed in treated cells (Fig. 4c) . After 4 h, the amount of double-stranded DNA and the rate of chain elongation were similar in both populations (Fig. 4d) (Fig. 2) . DNA initiation was measured using the ratio of 14C_ to 3H-TdR obtained by hydroxyapatite chromatography. Since the assay can be assumed to be equally sensitive for measurement of DNA damage and incorporation, it appears that initiation is more sensitive to nitrofurazone treatment than strand breakage. The inhibition of incorporation was unchanged after a 90min "repair" interval ( Fig. 2c) and there was no significant increase in the relative rate of incorporation for up to 18 h after nitrofurazone (Fig. 5) used to reduce nitrofurazone under anaerobic conditions. The supernatant, after increasing periods of incubation, was analysed polarographically for the amount of compound retaining the intact nitro group. L cells were then incubated with this supernatant and the amount of inhibition of synthesis was determined (Fig. 7) . The presence of metabolites of nitrofurazone apparently had no effect on the rate of DNA synthesis, as all the inhibition could be entirely accounted for by the amount of remaining parent compound. Incubation with metronidazole for 1 h under aerobic conditions produced marked inhibition of DNA-precursor incorporation, but no significant effects on DNA damage, elongation or cell survival (Fig.  8) . However, after incubation for 4 h under anaerobic conditions, all endpoints indicated damage to L cells. With misonidazole, a lh aerobic incubation had a small effect on initiation, whilst 1 or 4 h under anaerobic conditions showed increasing DNA damage for all endpoints (Fig. 9) . For both metronidazole and misonidazole, the rate of incorporation of 3H-TdR did not increase after drug treatment for at least 4 h (data not shown). conditions, either the rate of elongation is unaffected (at low drug concentrations) or it is slightly depressed (after a short "repair" interval (see Fig. 4c) ). However, effects on initiation generally occurred at lower concentrations and were more slowly repaired than effects on DNA damage and elongation. Indeed, inhibition of initiation would account for the decrease in relative cell survival seen when cells were incubated for 8 days with nitroheterocycles (Adams et al., 1976) . The decrease in mean colony diameter was not accompanied by a decrease in cell "survival" until the colony size became so small that the cells were considered to have lost proliferative ability (Fig. 6) . A correlation also exists between the electron-affinity of the nitroheterocycles shown in Fig. 6 Young, 1975; Makino & Okada, 1975) and autoradiography (Watanabe, 1971) . On the other hand, the alkylating agent N-met,hyl-N-nitrosourea prevenited anl increase in the mol. wirt of newly synthesized DNA (Roberts, 1975) . Painter (1978) recently reported that 4-nitro-quinoline-N-oxide inhibited DNA initiation by 50-60% at a concentration which did not produce effects on DNA elongation or stranded breakage. It is interesting to note that incorporation did not decrease with time after treatment of L-929 cells with nitrofu-razone, as was observed for other classes of DNAdamaging agents (Painter, 1977) .
While inhibition of initiationi may account for the toxicity found wheil L cells are incubated in a chronic fashion with nitroimidazoles, much greater toxicity (DNA damage and cell killing) was seen when cells were incubated under anaerobic conditions, and this toxicity was not reflected in greater inhibition of DNA synthesis. Under anaerobic coInditions, intermediates of nitro-reduction probably play a more important role in cell inactivation than inhibition of DNA synthesis. The previous paper indicated that an intact nitro group was required for inhibition of DNA synthesis. Since metabolism of nitroheterocycles is greatly increased under anaerobic conditions, it appears likely that the parent, compound or nitro anion radical is responsible for the effects observed here on DNA synthesis. Also, products of metabolism of nitrofurans by L cells were ineffective in inhibiting DNA synthesis.
Previous results (Olive, 1976) indicated that nitrofurazone inhibits ATP synthesis in I, cells incuibated for 2 h at concentrations over 100 KtM. This inhibition occurred under both aerobic and anaerobic incubation, similar to the effects on inhibition of DNA initiation, suggesting that decreases in the level of ATP inhibit DNA synthesis. The relevance of effects of ATP and glucose utilization in E. coli to inhibition of nucleic acid synthesis was recently examined by Lu & McCalla (1978) . Using 4 nitrofurans, no obvious correlation was found between the energy state of the cell and inhibition of DNA or RNA synthesis. Also, results using AF-2 (furylfuramide) suggested that the inhibitorv effects of this drug were due to metabolites only, whilst for nitrofurazone inhibition of macromnolecule synthesis occurred both in E. coli B/r and a mutant of this strain which was deficient in the ability to activate nitrofurans. However, results shown in Fig. 6 suggest that, in mammalian cells, AF-2 can inhibit DNA synthesis under aerobic conditions in a manner similar to nitrofurazone.
Nitroheterocycles, including metronidazole and misonidazole, are currently in use clinically as hypoxic cell radiosensitizers. At the plasma levels one expects to achieve in patients (025mmn misonidazole and 1 2mM metronidazole) little inhibition of DNA synthesis, and consequently little drug cytotoxicity to aerobic cells, would be predicted, as no growth inhibition was seen in Chinese hamster VT-79 cells or mouse L cells incubated for 8 days with these concentrations uinder aerobic conditions. The increased toxicity under hypoxic conditions does, however, suggest the possibilities of preferential antitumour effects. 
